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pore pressure and temperature changes influence the elastic stresses, but not vice-136 
versa. Although it is  a limitation  of the  model, this  assumption is  not  so restrictive 137 
since uncoupled  and  coupled  pore  pressure  solutions  are  quite  close for  many 138 
ranges of medium properties (Roelofs, 1988). 139 
 140 
Fluid flow model 141 
The  hot fluid  circulation in the  hydrothermal  system is  simulated using the EOS2 142 
module  of TOUGH2 software (Pruess  et  al.,  1999), which incorporates  CO2-H2O 143 
equations of state in the temperature and pressure range 0–350 °C and 0–100 MPa, 144 
respectively. It solves the  mass  and  energy  balance  equations for  a  multiphase 145 
ground-water flow (Pruess  et  al., 1999).  The mass balance equations  can  be 146 
resumed as folows:  147 
 148 
 !"#!$ +∇∙()−+) =0 (1)  149 
 150 
where . is the accumulation term, ( the flux and + the source (or sink) term and / 151 
the  mass  component (water  or  CO2). A ful list  of the  symbols  with their  unit  of 152 
measurements is  provided in  Table  1. The  accumulation term for  mass  balance 153 
equation is described by .) =0 123242),2  where the subscript 6 refers to the liquid 154 
(8) or gas (:) phase, respectively, 0 is the porosity, 12 the density, 32 the saturation 155 
and 42) the  mass fraction  of  component / present in  phase 6. The fluid flux () =156 
42)(22  is  described  by the  Darcy’s law extended to two-phase  conditions  with 157 
separate equations for the gas and liquid phases: 158 
 (2=;212=<	<>?	@?A? ∇B2−12	C (2) 159 
 160 
where ;2 is the Darcy’s velocity, D and DE2 are the absolute and relative permeability 161 
to phase 6, respectively, F2 the viscosity, B2 the fluid pressure, and C the gravitational 162 
acceleration vector.  163 
The energy balance equation is represented by (1) as wel (with the subscript /=G 164 
standing for  energy), where the  accumulation  and the flux terms are, respectively, 165 
.H=0 12I232+ 1−01KLKM2  and (H=−NEOM+ ℎ2(22 ,  where I2	is the 166 
specific internal  energy  of the  phase 6, 1K and LK are the  density  and the  specific 167 
6 
 
heat of the rock, respectively, M is the temperature, NE the thermal conductivity of the 168 
rock, and	ℎ2 the specific enthalpy of the phase 6. 169 
Each  phase  may  be  at  a  diferent  pressure B2 due to interfacial  curvature  and 170 
capilary forces.  The  diference  between the  gas  and liquid  pressures is refered  as 171 
capilary  pressure BQ. In  order to  close the  equation  system, relationships for the 172 
capilary  pressure  and relative  permeabilities  are  needed.  These relationships  are 173 
usualy  posed  as  a function  of the liquid  saturation 3R,  on the  basis  of  experimental 174 
data.  Therefore, the fluid flow  process is also controled  by  capilary  pressure - 175 
saturation – relative  permeability relationships.  TOUGH2 alows for investigating 176 
several  hydrological  models.  One  of the  most  common formulations  used in 177 
hydrological models to describe these relationships is the Brooks-Corey function 178 
(Brooks and Corey, 1964) based on experimental observations and defined as: 179 
 BQ= STUVWX,			with			3]=
U^_U^>
_`U^> (3) 180 
 181 
where 3] denotes the efective liquid saturation, 3RE the residual liquid saturation, Ba 182 
the bubbling pressure and b the pore size distribution index. The bubbling pressure, 183 
which is also caled the displacement pressure, is the extrapolated capilary pressure 184 
at ful liquid saturation. Brooks and Corey exploited the Burdine theory to derive the 185 
relative permeability-saturation relationships for gas and liquid phases: 186 
 DER=3]
cdeX
X  187 
 DEf= 1−3]g(1−3]
cdX
X) (4)  188 
 189 
The  parameters for the Brooks-Corey two-phase characteristic  curves  are fixed to 190 
average values of 3RE=0.3, b=2 and Ba=5000 Pa. 191 
 192 
Elasto-mechanical model 193 
Assuming that the timescale  of deformation is slow enough to  alow for  pressure 194 
equilibration, the rock is in quasi-static  equilibrium  and the  displacement  can  be 195 
found  by  solving the stress equilibrium equations coupled  with thermo-poroelastic 196 
extension  of the  Hooke’s law (Jaeger  and  Cook, 2007;  Fung,  1965), giving the 197 















2 βαλ  (5) 200 
where σ and ε are the stress and strain tensors, respectively, H is the body force, u is 201 
the  deformation  vector  and λ and G are the  Lame’s  elastic  medium  parameters, 202 
related to the Poisson ratio and Young’s modulus. To the elastic stress tensor of the 203 
general Hooke’s law, two terms are added: (i) the ΔP pore-pressure contribution from 204 
poroelasticity theory through the β = (1-K/Ks) Biot-Wilis  coeficient  and (i) the ΔT 205 
temperature contribution from thermo-elasticity theory through the volumetric thermal 206 
expansion coeficient lm. 207 
Within this framework the stress field inside the volcanic edifice originates from two 208 
main  contributions (Iverson  and  Reid,  1992;  Reid,  2004; Marti  and  Geyer,  2009; 209 
Zang  and  Stephansson,  2010;  Muler  et  al.,  2001): (1) the  background  stress 210 
composed of the gravitational loading and (2) the stress field generated by the pore 211 
pressure and thermo-elastic efect. Gravitational loading is included in the model by 212 
imposing on each element an internal body force per unit volume n=−1K	C	o, where 213 
1K is the density of the host rock, C is the gravitational acceleration vector and o the 214 
elevation.  The  gravitational  body force is included in the  simulations to  obtain  an 215 
overburden stress of rock  at  any  given  depth in the  medium. The  volcanic  edifice 216 
itself, acting as  a load  on the  upper  crust, generates a stress regime (Liu  and 217 
Zoback,  1992;  Pan  et  al.,  1995;  Pinel  and  Jaupart,  2004; Curenti  and  Wiliams, 218 
2014) that afects the flank stability (Reid, 2004). The mathematical problem is closed 219 
by imposing zero displacements at infinity and stress-free boundary condition σ · ns 220 
= 0 on the ground surface, where ns is the normal vector to the ground surface. The 221 
problem is solved by finite element method using COMSOL Multiphysics (COMSOL, 222 
2012). The pore-pressure and temperature contributions are fed from the outputs of 223 
the TOUGH2 fluid flow  model  solutions by implementing  a  MATLAB  script to 224 




Failure criteria 227 
Assuming that the  subsurface  comprises  poroelastic  media, the  mechanical 228 
response is  governed  by its  efective  stress  distribution,  which is the total  stress 229 
modified by fluid pressure as folows: 230 
Iσσ Pef β−=  (6) 231 
where σ is the total  applied  stress  on the rock-fluid  mixture and P is the pore fluid 232 
pressure (Ranali, 1995). The pore pressure acts against the total stress, efectively 233 
reducing the resistance to failure. Several  yield  criteria  have  been investigated to 234 
model the  mechanical  behavior  of rocks  undergoing failure (Fung,  1965;  Ranali, 235 
1995; Jaeger et al., 2007). Such failure depends on both the deviatoric stress and the 236 
overburden stress through the friction coeficient. The Drucker-Prager failure law can 237 
be properly used for modeling britle behavior in the upper crust (Catin et al., 2005; 238 
Cianeti  et  al.,  2012;  Apuani  et  al.,  2013;  Got  et  al.,  2013).  The  yield function for 239 
Drucker-Prager failure in the case of no hardening (perfect plasticity) may be writen 240 
as: 241 
pq=−r`+rgs`+ tg   (7) 242 
where I1 is the first invariant  of the efective  stress, J2 the  second invariant  of the 243 
deviatoric stress tensor, r` and 	rg medium coeficients. Generaly, when the efective 244 
stress state satisfies the  yield  criterion pq≥0, the  material  wil  undergo failure.  The 245 
Drucker-Prager  criterion represents  a  smoothed  version  of the  Mohr-Coulomb 246 
frictional failure criterion for a three-dimensional case. Indeed, the coeficients r` and 247 
rg may be related to the Mohr-Coulomb frictional failure properties cohesion (c) and 248 




|(|_z}~{) (8) 251 
 252 
The  Drucker-Prager  criterion,  such  as the  Mohr-Coulomb  one, accounts for the 253 
experimental  observations that  yield  stress  of  most rocks increases  with increasing 254 
mean normal stress (Jaeger et al., 2007; Mazzini et al., 2009; Liu et al., 2004). The 255 
volume, where the condition in Eq. 7 is satisfied, delineates shear-failure potential at 256 
any point within the volcano edifice and thus assists in pinpointing locations that have 257 
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